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ABSTRACT 

We estimate the strength and range of forces mediated by string moduh in type 
I string models with two (or more) large internal dimensions. We find that forces 
mediated by twisted moduli which live on the brane world-volume can mediate 
forces which are orders of magnitude stronger than gravity with a range up to a 
milimeter. If they exist, these forces can be easily observed in present experiments. 
On the other hand, forces mediated by the dilaton and untwisted moduli are about 
a hundred times stronger than gravity and may be observed depending on their 
range. 
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1. Introduction 



Recently there has been great interest in string theories at the TeV scale with 
large internal dimensions[l]*. In this scenario, all Standard Model (or Minimally 
Supersymmetric Standard Model) degrees of freedom are confined to the 3 + 1 
dimensional noncompact brane world-volume whereas gravity propagates only in 
the compact bulk. The weakness of gravity with respect to the other interactions is 
a result of the large size of some of the internal dimensions. After compactification 
the four dimensional Newton constant is given by 

G. = %i (1) 

where R is the large compactification radius and Gd+A = M^^^ ~ (TeV)~'^~'^. 
Here d denotes the number of large dimensions with all other compact dimensions 
of the string scale. (In string theory d < 6 necessarily.) The most interesting 
case which may also be the easiest to experimentally confirm or rule out is the 
d — 2 case. Therefore, throughout this paper we will consider the case of two large 
dimensions unless it is explicitly stated. Surprisingly, this scenario cannot be easily 
ruled out either by accelarator experiments or by astrophysical observations [3] . The 
strongest bound on the higher dimensional Planck scale scale Mq comes from the 
supernova 1987A giving Mq > 50 TeV {Mg > 4 TeV) for two (three or more) large 
dimensions [4] ^ . In most of this paper we will assume that Mg ~ Mq but this is 
not necessarily the case e.g. for small string coupling. During the last year various 
aspects of this scenario have been explored including phenomenology [6], collider 
signatures [7] and cosmology [8]. 

An immediate consequence of this scenario is the change in the gravitational 
force law at a length scale which corresponds to the size of the large dimen- 
sions[9,10,ll], e.g for two large dimensions with Mq ~ Mg ~ 50 TeV this cor- 
responds to i? ~ 0.4/xm. At this scale, we expect the gravitational force law to 



★ For earlier work along this line sec [2]. 

t However see [5] for a model dependent higher bound of Mq > 110 TeV. 
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change from to However, this length scale is too small for present and 

planned experiments to probe [12]. It would be desirable if this scenario had an 
observable signature at larger length scales such as tens of microns which can be 
probed by these experiments. In this paper, we consider forces mediated by moduli 
in string models with large internal dimensions. In these models, SUSY must effec- 
tively be broken at or below Mg ~ TeV and as a result the Compton wavelength 
of these moduli are rather large, e.g. in the micron range. This is also the range 
of the new moduli force which can be seen as a correction to gravity. 

String models with large internal dimensions can be concretely realized in type 
I orbifold compactifications with D-branes or equivalently by type IIB orientifold 
compactifications[13]. In type I string models, a priori there arc three kinds of 
moduli which can mediate new forces, the dilaton 5*, untwisted moduli Tj and 
twisted moduli Mj. We argue that S and T which are bulk fields mediate forces 
with a range of microns if SUSY is broken on the brane (by some field theoretic 
nonperturbative phenomenon like gaugino condensation). However, their interac- 
tions with matter cannot be much stronger than gravity and therefore not easily 
observable by the present and planned experiments. On the other hand, twisted 
moduh M which live on the (orbifold) fixed planes can mediate forces many orders 
of magnitude stronger than gravity.'^ If the branes coincide with the fixed planes, 
these moduli are confined to the brane world-volume and they have interactions 
with matter which are suppressed by Mg rather than Mp. The integration over the 
large volume factor which is the source of the Mp suppression of graviton, S and T 
interactions with matter is missing in this case. Thus, with respect to gravity their 
interactions with matter are enhanced by the very large factor (Mp/Mg)^. Unfor- 
tunately, due to the same enhancement the twisted moduli also get very large i.e. 
~ Mg masses. As a result, their interactions with matter are completely negligible 
in the micron range. On the other hand, these heavy twisted moduli can give rise 
to interesting phenomenology [15]. 

I The same fields give rise to acceptable D-term inflation in type I string models[14]. 
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Fortunately, there are other possible configurations. For example, there may 
be a fixed compact torus under the orbifold group. Then the twisted moduli also 
live on this torus in addition to the brane world-volume. In this case, the coupling 
of the twisted moduli to matter is suppressed by the square root of the volume 
of the torus in string units. If the fixed torus is large enough the moduli masses 
can be small enough to mediate a force with a macroscopic range. In addition, 
the moduli the coupling to matter can be suppressed (relative to the enhancement 
{Mp/Msf ) to give forces much stronger than gravity which are not experimentally 
ruled out. In this paper, we estimate the twisted moduli masses and the strength 
of the force mediated by them in generic type I string models. We show that for 
realistic values of the parameters such as compactification radii, supersymmetry 
(SUSY) breaking scale and Ms the force mediated by M can be long range and 
orders of magnitude stronger than gravity. 

This paper is organized as follows. In section 2 we derive the general formulas 
for forces mediated by string moduli and mention how these apply to type I string 
models. Section 3 is a brief review of type I string models which realize the scenario 
with large internal dimensions. In section 4 we estimate the magnitude of the 
modulus force and the moduli masses in a number of different scenarios. We show 
that forces mediated by twisted moduli are generically much stronger than gravity 
and other moduli forces. Section 5 is a discussion of our results. 

2. Moduli Forces in String Theory 

In heterotic string models with TeV scale SUSY breaking the masses of string 
moduli such as the dilaton S and untwisted moduli Ti is given by ms;r ~ 
TeV'^/Mp ~ lO"-*^^ Gey [9]. This corresponds to a Compton wavelength of milime- 
ters. Thus, in these models string moduli can mediate forces with a macroscopic 
range. Such a new modulus force modifies the gravitational interaction as[10] 

y(r) = -G..^(l + G|,^e-A-) (2) 

where G| ^ gives the relative strength of the modulus force to gravity and Xs^t is 
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the range of the modulus force fixed by the Compton wavelength of the modulus. 

The couplings of S and T to matter arise from the dependence of the QCD 
coupling constant on the dilaton (at tree level) and the moduli (at one loop) 

\ = ksReS + f{T) (3) 

93 

where ks — 1 and f{T) gives the one-loop corrections which depend on the moduli. 
On dimensional grounds the nucleon mass can be written as 

ruN ~ exp{-^'K^ /hgl)Mp (4) 

Here h is the first coefficient of the QCD /3-function. The dilaton-nucleon coupling 
is given by[10,9] 

dmN dS 

with a similar expression for the modulus-matter coupling. The second term on the 
right hand side takes into account the fact that moduli generically have nontrivial 
Kahler potentials and the force is mediated by the canonically normalized modulus 
field Sc- Due to the large hierarchy between Mp and mjv the dilaton coupling to 
matter is rather large compared to gravity; e.g. G| ~ 10^. The modulus coupling 
is much weaker than gravity, e.g. Gt << 1 because it arises at one loop and is 
suppressed by a factor of l/167r^. (However in models with Scherk-Schwarz SUSY 
breaking at the TeV scale the modulus coupling can be as strong as gravity [9].) 

In string models with large internal dimensions the situation is slightly dif- 
ferent. First, the string scale (or rather M^^^^ is not large but around the 
TeV scale. Taking into account the bounds from supernova 1987A we assume 
Mq ~ Ms > 50 TeV. If SUSY is broken only on the brane this gives a Compton 
wavelength of \s;r < 0.4/xm for two large dimensions. Thus, the range of the mod- 
ulus force is much shorter than a milimeter. Second, not every modulus necessarily 
couples to observable matter. In the heterotic string models mentioned above this 
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was the case due to the fact that both S and T appeared in the expression for gs- 
We will see that in type I string models either S or T but not both couple to mat- 
ter. Moreover, in these models the couplings of S and T to matter are more than 
an order of magnitude weaker than the corresponding forces in heterotic models 
since there are only four to five orders of magnitude between rriN and Ms. We con- 
clude that in this scenario forces mediated by untwisted moduli such as S and T 
are short range and not strong enough and therefore probably cannot be observed 
in present or planned experiments. (Note however that for small string coupling 
or for more than two large dimensions a lower string scale is possible. Then, the 
range of the force would be longer and it may be observable.) 

Finally, there can be twisted moduli which cannot propagate in the bulk as 
S and T but live on the (orbifold) fixed planes. If the brancs arc at the fixed 
point interactions of twisted moduli with matter are suppressed only by Mg rather 
than Mp. As a result, their couplings to matter are many orders of magnitude 
stronger than gravity. Unfortunately, in this case moduli masses are unsuppressed 
and ~ Mg. Therefore these forces are completely negligible at the micron range. 
However, if there is a fixed torus of the orbifold group the moduli coupling to matter 
and their masses are suppressed by the square root of the volume of the torus. For a 
large enough torus this may lead to strong moduli interactions with a long range. In 
these cases the twisted moduli may have long range interactions which are orders 
of magnitude stronger than gravity. In type I string models there are twisted 
moduli M with the above properties. Their VEVs are related to the blowup of the 
orbifold singularities which smoothes out the singular compactification geometry. 
In section 4 we will estimate the force mediated by these twisted moduli and their 
masses for a number of different scenarios. 

3. Type I String Theory or Orientifolds of Type IIB Strings 

Four dimensional type 1 string compactifications with N = 1 supcrsymmctry 
can be obtained by orientifolds of type IIBstrings[13]. We start with a type IIB 
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string theory in D = 10 and mode it out by the world-sheet parity transformation 
This gives a type I string theory in D = 10 with gauge group SO{32). The 
gauge group arises from the 32 D9 branes required for tadpole cancellation. This 
type I string theory is further compactified on an orbifold of — x T'^ x 
(with radii i?i,2,3) i-©- on T^/r where F is a discrete group such as Zn or Zn x Zm 
resulting in a D = 4 theory with N = 1 supersymmetry and chiral matter content. 
The above construction has only D9 brancs but by considering more elaborate 
orientifolds one can obtain models with two types of branes in the theory. For 
example, if Oi denotes reflection of then one can mode by (-1)^^00^, nOiOj 
or {—l)^^QOiOjOk- Here Fj, is the left handed world-sheet fermion number. The 
above modings result in D7, D5 and D3 branes respectively. Due to the requirement 
for = 1 SUSY only two sets of branes can appear simultaneously; either D9 and 
D5 branes or D3 and D7 branes[13]. We denote D5 branes as 5^ if the branes wrap 
around and the D7 branes as 7i if they wrap around TJ x r|. The number of 
each kind of brane is fixed again by tadpole cancellation. On the two different kinds 
of branes {Dp and Dp') there arc gauge multiplets from strings with both ends on 
the same kind of brane (i.e. pp or p'p' strings), giving two gauge groups, Gp and 
Gp'. Different polarizations of the same open strings also give matter multiplets in 
the adjoint representation of the gauge group. In additon, there are matter fields 
which arise from strings with ends on different kinds of branes (i.e. pp' strings) in 
the bifundamental representation. Newton's constant is given by 

— 1/2 

Here gi is the type I string coupling constant and M/ = a^^^ is the type I string 
scale. 

We now consider the two possibilities, i.e. models with D3-D7 branes and 
D9-D5 branes separately [13]. 

a) Models with D3 and D7 branes: These are obtained by moding out type TIB 
string theory by the group generated by {—l)^^Q.Oi and {—I)^^n0i0j0fi. There 
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are two gauge groups Gs and G7 living on the D3 and D7 branes. The matter 
content of these models arises from strings stretched between different branes, i.e. 
33, 37, 73 and 77 strings (Here and below we omit the indices i,j for notational 
simphcity.). We denote these fields by M^^, M^'^, M^^, M'^'''. M^^ and M'^'^ are 
in the adjoint representation of the respective gauge groups, and G7, whereas 
and 

are in the bifundamental representation. In realistic models there 
are Wilson lines which break the gauge group and project out part of the matter. 
The tree level superpotential generically contains the terms[16] 

W = gs{M^^M^^M^^) + griM'^^ M^^ M^^) (7) 

The gauge couphngs are given by (ctj = Qil^T^) 

91 91 /c^ 

There are three kinds of moduh; the dilaton S and the untwisted moduli Tj 
are defined as 

s = — + ie (9) 
91 

and 

Ti = ^ ^ + ir)i 10 
91 

where and r]i are untwisted Ramond-Ramond fields. The Kahler potential for 5" 
and Ti is given by 

K{S, S, Ti, Ti) = -log(S + S) - T,ilog{Ti + Ti) (11) 

The third kind of moduh are the twisted moduli denoted by Mi — (j)i + iijji[13]. 4>i 
and i/ji are twisted NS-NS and R-R fields respectively. The VEV of (j)i parametrize 
the blowup of the orbifold singularities or the smooothing of the compact space. 
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The Kahler potential for Mi is not known but we will assume that it is canonical. 
In the presence of M the connection between the gauge couplings and the moduli 
are given by [13] 

1 



ReS + S3M (12) 
as 



and 



— = ReTi + S7,M (13) 

Here the 53^^ arc constants of 0(1 — 10). In these models, there is fixed torus 
Tf X T| of the of the orbifold group Oi- Therefore, twisted moduli corresponding 
to this twist live in eight dimensions along the D7 branes. The orbifold group 
OiOjOk has only fixed points and therefore twisted moduli corresponding to these 
live in four dimensions parallel to the D3 branes. 

b) Models with D5 and D9 branes: These are obtained by moding out type 
IIB string theory by the group generated by Q and QOiOj. The generic gauge 
and matter content and the superpotential are very similar to the previous case 
with the substitution 3 — > 9 and 5i ^ 7i. The reason for this is the fact that the 
two kinds of models are related to each other by T duality along all the compact 
dimensions. In this case the gauge couplings are 

_ 91 _ 91 /..X 

MfRlRlRl MjRl ^ ' 

Now, the dilaton and untwisted moduli are defined as 

^ 2M^r\rIrI ^ , , 

91 

and 

Ti = '-^-^ + ir]i 16 

91 

The Kahler potential for S and Tj remains the same. The dependence of the Gg 
and G5 gauge couplings on the moduli is also given by eqs. (12) and (13) with the 
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substitution 3 — > 9 and Sj — > Tj. Once again there are twisted moduli Mi which 
are related to the blowup of the singular compact space. Twisted moduli which 
correspond to the twist live in ten dimensions, i.e. they can move in the whole 
space. The ones arising from OiOj live in six dimensions since there is only a fixed 
under this twist. 

4. Moduli Forces in String Models with Large Dimensions 

In this section we estimate the strength of the moduli forces in the scenario 
with two large dimensions within the framework of type I string theory. We assume 
that Ms - Me ~ 50 TeV and the SUSY breaking scale is A 10 TeV. We take 
the SUSY breaking scale to be less than the string scale in order not to generate 
a new hierarchy. However it is easy to show that our results hold also for the case 
A ~ Mg. Using eq. (1) we find that in this case the two large compact dimensions 
are of the size it! ~ 4 x 10* GeV~^ ~ OA/im. So there are two T^s of size M~^ 
and one of size i?^. 

First consider the models with D3 and D7 brancs. We assume that we live on 
the D3 branes therefore we need gs < 1. Thus from eq. (8) we have gj < 1/10 
(or S ~ 20) i.e. we are in perturbative regime of type I string theory. We also 
assume that there is one other set of D7 branes wrapping the x of string 
scale. (Otherwise there are D7 branes wrapeed around the large dimensions and 
therefore light Kaluza-Klein states on the branes which are not desirable.) From 
eq. (10) we find that one of the three untwisted moduli is around T 2/gj whereas 
the other two are very large, Tj ~ 4 x 10^®. 

In models with D9 and D5 branes the situation is similar. Once again we have 
D9 branes and one set of D5 branes wrapping a of the string size. Now from 
eq. (15) we have 5" ~ 4 x 10^^ giving a very small 519. Thus, we assume that our 
world lives on the three noncompact dimensions of the D5 brane world-volume. In 
this case there two possibilities. If the two large dimensions belong to the same 
then there are two untwisted moduli with Tj ~ 'i/gj and one with T ~ 4 x 10^^. 
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On the other hand, if the two large dimensions belong to two different T^s then 
there is one modulus with T r^2/gi and two large moduli of size Tj ~ 2 x 10-^^. 

In these models there are two possibilities for SUSY breaking. SUSY can be 
broken either on the brane or in the bulk. (Of course it can also be broken both in 
the bulk and on the brane but this case is obtained from the two above.) If SUSY 
is broken on the brane by a mechanism like gaugino condensation at a scale A then 
this breaking is mediated to the observable sector either by gauge interactions 
or by nonrenormalizble interactions suppressed by powers of Mg. Then ms,T ~ 
h? /MsMp since interactions of the bulk modes with the brane are suppressed by 
Mp. This is a small mass and therefore S and T have the potential to mediate 
macroscopic range forces. On the other hand, if SUSY is broken in the bulk by an 
F-term of 0{MsMp) then S and T get very large i.e. ~ Ms masses. Therefore 
their interactions with matter are very short range and completely negligible at 
the micron range. 

We can now estimate the strength of the forces mediated by the untwisted 
moduli when SUSY is broken on the brane only. The moduli masses are ms;r ~ 
A^/MgMp ~ 2 X 10~^^ GeV giving a range of Xs,t ~ BO/im. In models with D3 
and D7 branes T does not couple to observable matter since it does not appear 
in the expression for g^. S on the other hand does couple to matter. Due to the 
nontrivial Kahler potential for 5* given by eq. (11) the canonical dilaton is given 
by Sc ~ logS (at least for the real part of S which we are interested in). Using 
Ms ~ 50 TeV and eq. (4) for and eq. (5) we get Gs ~ 10. Thus the dilaton 
force in this case is about two orders of magnitude stronger than gravity with a 
range of 50//m. In models with D9 and D5 branes our world lives on the D5 branes 
and therefore S does not couple to matter. The only untwisted modulus T that 
appears in gs is the one with a small VEV, i.e. T ^2/gi. The canonical modulus 
field is given by ~ logT and the analysis is identical to that of S above resulting 
in a force stronger than gravity mediated by the untwisted modulus. If the range 
of the modulus force is ~ 50/xm then it becomes of the order of gravity around 
200/im which is around what present experiments can detect. We conclude that 
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for this choice of parameters forces mediated by S and T are about two orders of 
magnitude stronger than gravity and may be observed. Of course, if we assume 
A ~ Ms the range of the force becomes much smaller e.g. ~ 0.4//m and then it 
cannot be observed by the present experiments. (However, note that we assume 
Mg ~ Mq here. If the string coupling is small or there are more than two large 
dimensions so that Mg ~ 3 — 10 TeV then this force with G^y ~ 100 has a range 
around 10 — 100/xm which can easily be detected.) Above the strength of the S and 
T moduli forces is normalized by the Newton constant since these fields live in the 
bulk. As a result, their couplings to matter which live on the brane are suppressed 
by the large volume factor, i.e. Mp. 

We now turn to the twisted moduh M which are present in these models. The 
coupling of M to matter arises from the dependence of gs on M given by eq. (12). 
Then the nucleon mass becomes 

ruN ~ exp{-87r'^/bgl)Ms ~ exp[-87r^ Re{S + SiM)/h]Ms (17) 

In some models Si — b 10, in any case these constants are of the same magni- 
tude[17]. Therefore, for simplicity in our estimates we will take them to be equal. 
Note that the coefficient Si is may be a large number (in which case the VEV of M 
has to be smaller than Mg). As we will see this is the origin of the strong coupling 
of M to matter. If s-i ~ 1 coupling M to matter would be as strong as those of S or 
T only. The twisted moduli M live on the fixed planes and cannot propagate in the 
bulk. If the D-branes coincide with the fixed planes the twisted moduli live on the 
branes. As a result, their interactions with matter are suppressed by Mg and not 
Mp giving an enhancement of (Mp/Mg)^ ~ 4 x 10^^ with respect to gravity. Using 
eq. (17) for mjv we find that Gm ~ (2s/6) x lO-*^^ which gives a force thirty orders 
of magnitude stronger than gravity at its peak. The mass of M is independent of 
where SUSY is broken. If SUSY is broken on the brane then ttim ~ Mg and the 
moduh force has a very short range. On the other hand, if SUSY is broken in the 
bulk with F ~ MgMp (in order to give large masses to superparticles) then again 
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niM ~ Mg. Therefore, when the branes overlap with the fixed planes, even though 
the modulus force is very strong at its peak, it is negligible at the micron range 
due to its extremely short range. 

We found that the modulus mass is gcncrically ~ Mg leading to a very short 
range for the force mediated by M. Our arguments above are valid for the orbifolds 
with twists that have only fixed points but no fixed tori in the compact directions. 
If there are such fixed tori then the untwisted moduli can move on them in addition 
to the noncompact brane world-volume. For example, consider an orbifold twist 
with a fixed such as (-l)^QOjOj we considered in the previous section for type 
I string models. Then the corresponding twisted modulus lives in six dimensions 
including the compact torus T| which is invariant under this twist. As a result, 
its four dimensional effective interactions with matter living on the brane are sup- 
pressed by the square root of the volume of the torus in string units. We find that 
the interaction with matter is given by 

and the modulus mass is 

A3\/ 1 



-M~y/^^J(^^J (19) 

Now, if the fixed torus has large dimensions there is a large suppression in the 
modulus mass which can give a long range for the modulus force. Since the force is 
thirty orders of magnitude stronger than gravity before this suppression we expect 
it to still be much stronger than gravity with the volume suppression. It is easy to 
see that if the fixed torus has two large dimensions 

Gm ~ (20) 



Thus in this case we find Gm ~ 80 giving a force 6 x 10^ times stronger than 
gravity (for the realistic choice of parameters s ~ 6, (7/ ~ 1). We stress that the 
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force mediated by M is stronger than those mediated by 5" or T due to large value 
of Sj ~ 6 ~ 10. Also it is easy to see that the volume suppression of the interaction 
is exactly the factor that converts l/M^ to 1/Mp so that the force is enhanced 
only by the factor in eq. (20). 

The range of the force is given by the Compton wavelength of the modu- 
lus Xm ~ MgMp/h? which is always larger than the size of the large dimension 
it! ~ Mp/Mg for A < Mg. In the above case Am ~ 50//m. The force has range 
of ~ lOOR which is about the range of the force mediated by S or T. It be- 
comes of gravitational strength around 450//m which is easily observable by the 
present experiments. This is an effect much more dominant than the change in the 
gravitational force or the force mediated by untwisted moduli. 

Above we assumed that the SUSY breaking scale A is smaller than Mg in order 
not to generate a new hierarchy problem in light of the large string scale. However 
one can show that even if A ~ Mg the modulus force is much stronger than gravity. 
The strength of the moduli force at its peak is given by Gj^ ~ (Sn^sgj/b)^ and is 
independent of the SUSY breaking scale or the range of the moduli force. When 
A Ms, however the range of the force Xm is equal to the size of the large 
dimension R. For many reasonable values of the parameters Gj^^j- above is much 
larger than unity giving a force a few orders of magnitude stronger than gravity. 

We also assumed that Mg ~ Mq which is not the case for small string coupling. 
The force mediated by twisted string moduli can be much stronger than gravity 
even if Mg < Mq. For example, take Mg ~ 10 TeV and A ~ 5 TeV for Mq ~ 
50 TeV. The size of the large dimensions is i? ~ 10/jm whereas the range of the 
modulus force is Am ~ SOfim for two large dimensions. The strength of the force 
at this distance is ~ 6 x 10"^. This force becomes of the gravitational strength 
at ~ 0.8mm. Thus we find that even if Mg < Mq there can be moduli forces which 
are much stronger than gravity which are easily observable. 

Most of the above analysis was done for two large dimensions for which there is 
a model independent bound on the six dimensional Planck scale Mq > 50 TeV. For 
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more than two large dimensions this bound relaxes significantly, i.e. for three large 
dimensions M7 > 4 TeV and for four and more large dimensions > 1 Tey[4]. 
It is easy to show that the strength of the force and its range are independent of 
the number of large dimensions. Assuming that the twisted moduli live in 4 + d 
dimensions the range of the force (for d large dimensions) is given by 



where R is given by eq. (1) to be R"^ ~ Mj,/M^+^. We see that the range is 
\m ~ MgMp/A^ independent of the number of large dimensions. In particular for 
A ~ Mg we find Am ~ Mp/Mg. On the other hand, the strength of the moduli 
force in d dimensions is given by 

We find that for all d, Gm ~ (87r"^(y'|s/6) giving a force ~ 6 x 10"^ times stronger 
than gravity. We see that independent of the number of large dimensions if A ~ Mg 
then the range of the force \m ~ R- However, the the moduli force is about three 
orders of magnitude stronger than gravity at this scale and therefore a much larger 
effect. 

For example, consider the case of three large dimensions with Mg ~ M7 ~ A ~ 
4 Tel^[4]. Then the large radii are of size GOfim and the range of the moduli force 
is also \m ~ 60fim (and even longer if we take A < Mg). Now Gj^ ~ (Stt^)^ ~ 
6500 and it becomes of order unity at ~ 0.6mm. Thus the effect of the moduli 
force is much larger than the change in gravity and easily observable in present 
experiments. With more than three large dimensions the bound on ~ Mg is 
relatively small and all effects occur around the milimeter scale. Since forces of 
gravitational strength are experimentally excluded above a milimeter it is difficult 
to have moduli forces stronger than gravity at this scale. However, it is clear that if 
for d > 3 the string scale can be pushed up by collider or astrophysical constraints 
it will be easy to have moduli forces stronger than gravity. 
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Of course for more than two large dimensions, the twisted moduh do not have 
to hve on all the large dimensions. For example there can be three large dimensions 
but the same orbifold twist considered above would still have only a fixed T^. Then 
M live in six dimensions as before; however now the size of the large dimension R 
is different. In this case we have 

Thus we get G\j ~ 10^°. The range of the force is 



AmH'^IV^Y (24) 



2/3 

A3 J \Mp J 

This gives Xm ~ 0.1/im which is rather small. We find that this possibility leads to 
a very strong force with a very short range which is negligible compared to the forces 
mediated by the untwisted moduli. However, the three large dimensions do not 
have to be isotropic. For example, if the of the fixed is R1R2 - 10^0 GeV-^ 
(with the third large dimension of size Rs ~ 80 GeV) we find that the range of 
the force is Am ~ 10^° GeV~^ ~ 10//m and the strength of the force is given by 
Gj^ ~ 3 X 10^. We see that the anisotropic large dimensions have the potential to 
give rise to very strong forces with a long range. 

We implicitly considered untwisted moduli fields M with canonical Kahler 
potentials. However, the Kahler potential for M is probably not canonical but of 
the form 

Here rii are positive integers and Ti are the untwisted moduli. In this case, we 
have observable forces only if the moduli Tj in the Kahler potential have small 
i.e. 0(1) values that is they correspond to radii of string size. Above we saw that 
in all models there are such untwisted moduh. Otherwise, there is a very large 
field renormalization due to the above Kahler potential M is renormalized by a 
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factor of (2 x 10^^)"'. This makes the aheady very strong modulus force many 
orders of magnitude stronger; however it also renormalizes the modulus mass by 
the same factor. As a result, the force becomes extremely short range and therefore 
completely negligible at the micron range. 

5. Conclusions 

In this paper we have shown that type 1 string models with large internal 
dimensions may have light moduli which can mediate forces orders of magnitude 
stronger than gravity with a macroscopic range. We found that the untwisted 
moduli S and T can mediate forces about 100 times gravity with a range of microns. 
On the other hand, the twisted moduli M which live on the branes can mediate 
forces orders of magnitude stronger than gravity with a range that is longer than 
the size of the large dimensions. As a result, these effects are much easier to probe 
by the present and planned experiments than the change in the gravitational force. 
This is especially the case for two large dimensions with a string scale of 50 TeV 
which puts the size of the large dimensions out of experimental reach. 

The smallness of the moduh masses is the reason for the long range of the force. 
The mass is small due to the suppression of the moduli interactions with matter by 
the square root of the volume of a large torus on which the fixed moduli can move. 
The same suppression factor also reduces the huge enhancement in the moduli 
interactions with matter. In fact if the twisted moduli move on all the large di- 
mensions this factor takes l/Mg to 1/Mp giving gravitational strength interactions 
up to the enhancement coming from the moduli coupling to the nucleons. We saw 
that if the string parameter Sj ~ 6 the force is orders of magnitude stronger than 
gravity. We find that there can be moduli forces with a range of tens to hundreds 
of microns and strength of four orders of magnitude stronger than gravity for a 
wide range of parameters of the string model. If the orbifold group of the string 
model does not have fixed tori or these tori are string size then the range of the 
moduli force is extremely small and it cannot be detected. 



16 



The above results are quite robust. They hold for realistic values of the string 
scale, SUSY breaking scale and other parameters of the string model. In particular, 
they are valid for any number of large internal dimensions as we showed above. 
The strength of the moduh interactions with matter is independent of the SUSY 
breaking scale and the number of dimensions (but depends on the bound on the 
string scale and on Si). The range of the force given by the Compton wavelength 
of the moduli is independent of the number of large dimensions but is strongly 
dependent on the SUSY breaking scale and the string scale. 

Of course, the presence of these moduli forces is not a model independent 
prediction. There may be string models with discrete torsion in which most or all 
of the twisted moduli are projected out. In addition, even if there are such twisted 
moduli in a given model they may obtain masses of ~ Mg in which case such forces 
arc completely negligible. However, it is interesting to sec that there are generic 
scenarios with such forces with experimentally observable effects. 
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